
Theoretical Considerations 1 
 2 

The biomass (abundance) of a population (i) is determined by growth (Gi), losses (Li), 3 

consumption (Ck). For a classic population model, the change in biomass over time (Bi) 4 

can then be expressed as: 5 

  (S1) 6 

The intrinsic growth (gi) is identical to the production/biomass ratio (Pi/Bi), and Pi can 7 

be related to the production at the next lower trophic level as  (Assumption 1: 8 

ratio-dependent functional response for predators) where  is the attack rate of i on prey 9 

j and is assumed to scales as  (Assumption 2).  is the proportion of j 10 

production that goes to i (or an interaction strength as the per capita effect of a group on 11 

the production of another) which can change through time as a function of prey abundance, 12 

and  is the production rate of prey. Similar to the first term in (S1), Ck  can be expressed 13 

in terms of Pi using , the attack rate of predator k on prey i. Assuming density-dependent 14 

mortality is relatively weak (Assumption 3), then Li scales as  yielding: 15 

  (S2) 16 

At equilibrium or steady state (  ), we can rearrange to obtain the ratio of 17 

biomasses between trophic levels: 18 

 19 

  (S3) 20 

∂Bi
∂t

= giBi − Li −Ck

Pi ~ εAjiPj

Aji

Aji ~α jiMind
−β α ji

Pj

Aik

Bi

dBi
dt

= εAjiPBj −miBi − AikBi

dB dt ~ 0

εAjiBj − (m0 + Aik )Bi ~ 0

Bi
Bj

=
εAji

(mi + Aik )



 21 

Since at equilibrium individual production scales as (e.g. ) 22 

[1,2], total production scales as , and total biomass is , Bi can be 23 

formulated in terms of production (Pi) and individual mass (Mi): 24 

   (S4) 25 

Mortality rate is also assumed proportional to individual mass as [3], where 26 

 is a linear mortality constant expressed as a proportion of net production or abundance 27 

(unitless). Under these conditions, (S3) becomes: 28 

 29 

  (S5) 30 

 31 

where overbars indicate a time average. We use an approximation here since we are not 32 

referring to an equilibrium, but a steady state where biomass changes in time around a 33 

mean value. We then define  dropping the overbars for clarity. This 34 

definition is fundamentally different than previous work as we have included both natural 35 

and predatory mortality in the denominator [4]. Barbier & Loreau [4] formulated a as a 36 

ratio of self-regulation to predation. In contrast, our formulation is the ratio of gains 37 

(production) to losses (natural mortality and predation). Both metrics provide unique 38 

insight into ecosystem dynamics and provide an indication of ecosystem structure. When 39 
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a trophic group, i, feeds on more than one other group, j, and is preyed upon by more than 40 

one predator group, k, a becomes: 41 

  (S5) 42 

Following [3], the ratio of biomass of predator to prey becomes: 43 

   (S6) 44 

And then we assume that trophic level can be approximated as [4]:  45 

   (S7) 46 

yields: 47 

  (14) 48 

where (14) specifically differs from purely energy-based analyses by the additional factor 49 

a. For an entire food web, , a, and PPMR are the mean values for the community. For 50 

the assumed trophic interaction matrix and mortality rates, the model predicts accurately 51 

biomass slopes between consumers (and a cascade-like trophic structure), and also predicts 52 

the best fit slope to the entire spectrum (Fig. S1). 53 

Model Description 54 

Average mass of an individual (Mind) in each trophic compartment, i, is computed on a 55 

log scale as: 56 
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 (S8) 57 

where n is the number of trophic compartments, and L is the range of organism mass in the 58 

ecosystem on a log scale. For this study, L is set to 16 to cover the full range of marine 59 

ecosystems from microorganisms (10-12 kgC) to whales (104 kgC). We explored values of 60 

L from 8-16 with no change in model results. 61 

For each model iteration, a new food web was constructed. To do so, an n ´ n predator-62 

prey matrix was populated using a uniformly distributed random integer generator over 63 

[0,1] to identify food web links (0 - no link or 1 – link). Links in the predator-prey matrix 64 

with PPMR < 1 or > 109 were set to zero. A PPMR of 109 represents the largest PPMR 65 

known (blue whales feeding on zooplankton). Predator compartments with no prey links 66 

were repopulated until all n compartments had at least 1 link (prey source) in the food web 67 

that met the above PPMR criteria (Table S1a). For linear food webs, links were constrained 68 

to be between adjacent size-based compartments a priori (Table S1a; bold numbers). 69 

An energy allocation matrix was then calculated based on the predator-prey matrix. 70 

The energy allocation matrix was filled with 0 for no link, or a uniformly distributed 71 

random number over [0,1] for each link. For each predator (column), the sum of the link 72 

values was scaled to 1 such that each value represented the proportion of each prey item in 73 

the diet of the predator (Table S1b). At this point, the matrix resembles a diet matrix 74 

common in the literature. For each prey (row), the sum of the predator diet preferences was 75 

then scaled again to 1 so that each value now represents the proportion of energy from each 76 

prey compartment that flows to each predator compartment (Table S1c). Our energy 77 

allocation matrix is now identical to a trophic interaction strength matrix. The energy 78 

allocation matrix was then multiplied by the trophic transfer efficiency of each trophic 79 

Mind ,i = 10
((Λ/n−1)*i )



compartment to generate an energy flow matrix, lij. The energy flow matrix represents the 80 

gross energy flux to each trophic compartment for a unit of primary production (Table 81 

S1d). 82 

 was assigned for each trophic compartment using a uniform random number 83 

generator over [ , ]. Minimum and maximum trophic efficiencies were set to range 84 

between 0.001 and 0.50.  represents the lowest value of  based on the relationship 85 

between PPMR and  for the largest PPMR (109) yielding  ~ 0.001 [10].  86 

represents the theoretical maximum equal to the assimilation efficiency [5]. Given model 87 

estimates of = 0.101 ± 0.058 [6], this range likely covers the entire range of possible 88 

trophic transfer efficiencies in the ocean. and  were varied over all iterations in 89 

order to ensure the PPMR and trophic efficiency parameter space was filled with at least 90 

50 food webs for parameter estimation (see analysis below). 91 

The energy flow matrix is multiplied by the net primary production to generate an 92 

energy flow matrix. The model then estimates individual production for each trophic 93 

compartment from metabolic theory as: 94 

   (S9) 95 

where temperature is set to ambient (14 °C) for ectotherms or 27 °C for endotherms [2]. 96 

Next the abundance of individuals within a trophic compartment in the ecosystem is 97 

estimated from the production available from prey accounting for inefficient energy 98 

transfer (trophic transfer efficiency, ) as: 99 

  (S10) 100 
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 where j and i refer to the trophic compartments of prey and predators respectively. 101 

Biomass is then estimated as NiMind,i. 102 

We defined food web complexity using normalized connectance, . Connectance 103 

describes the realized proportion of possible links in a food web. Connectance is computed 104 

as C = 2L/(S(S-1)) where L is the number of predator-prey links and S is the total number 105 

of compartments. For given S, the minimum connectance corresponds to a linear food web 106 

(i.e. food web with exactly one link per predator) where energy moves only from one 107 

trophic compartment to the next adjacent compartment. In a linear food web, L = S-1 and 108 

Cmin = 2/S, thus minimum connectance is dependent on the number of trophic 109 

compartments (Fig. S2). To compare across models with different numbers of 110 

compartments, we therefore normalized connectance as  = (C-Cmin)/(1-Cmin). This 111 

normalization yields a value ranging from 0 for a linear food web to 1 for a trophic web 112 

where all possible links are present (Fig. S2). We calculated normalized connectance for 113 

all randomized food webs used in the model. 114 

Community mean trophic efficiency, , is the mean trophic efficiency across all 115 

compartments. Community mean PPMR, , is the geometric mean of the PPMR for 116 

each trophic compartment. We used the arithmetic mean for  and the geometric mean for 117 

PPMR because trophic efficiency is restricted between 0 and 1, and PPMR ranges from 1 118 

to 109. Total biomass density is the sum of biomass in all trophic compartments. 119 

We ran 250,000 simulations for diet matrices with 8-16 (2 compartment intervals) 120 

compartments to examine the sensitivity of our results to the number of trophic 121 

compartments. We then computed , , , and the distribution of biomass across 122 

Ĉ

Ĉ

ε

PPMR

ε

Ĉ ε PPMR



trophic compartments for each of the 1,250,000 individual simulations. Trophic structure 123 

(k, eqn. 4) was estimated using allometric scaling by fitting log10(biomass) versus 124 

log10(individual mass) for each simulation using a general linear model. While this method 125 

is simplified and real ecosystem structure is often more complex [7], we used k solely to 126 

examine whether trophic structure is predicted to be bottom- or top-heavy in a pristine 127 

ecosystem. 128 

To estimate global biomass, we used the mean global net primary production as 129 

estimated from satellite (0.15 kgC m-2 yr-1; MODIS-AQUA, averaged annually over 2000-130 

2015), and the mean connectance of marine ecosystems estimated above. We used the 70 131 

empirical food webs to calculate average biomass density of all trophic compartments 132 

using our model, and assigned each compartment in the food webs into 6 primary trophic 133 

groups (phytoplankton and microzooplankton[ < 10-8 kg], small zooplankton [10-8 – 10-4 134 

kg], small invertebrates and fishes [10-4 - 10-2 kg], medium invertebrates and fishes[10-2 – 135 

1 kg], large fishes and small marine mammals [1-100 kg], apex predators and large animals 136 

[>100 kg]). We then multiplied our density estimates by the area of the global ocean (361.9 137 

million km2) to obtain an estimate of global ocean biomass for each of the 6 broad trophic 138 

groups. We assumed 50% of primary production is consumed as a conservative value since 139 

as much as 90% consumption has been observed [50]. We estimated the range of our 140 

biomass estimate by varying mean trophic efficiency from 0.05 to 0.15 [21], primary 141 

production, and the percentage of phytoplankton consumed from 25% to 75% [50] in a 142 

Monte Carlo simulation with 10,000 samples using a uniform distribution for trophic 143 

efficiency and phytoplankton consumption, and in situ distributions for primary production 144 

based on satellite-derived times series for the global ocean. To estimate mean trophic 145 



efficiency for current estimates of global biomass of 6 GtC [9], we used the estimated 146 

trophic level composition and reversed this calculation for each level by estimating 147 

biomass density then obtained trophic efficiency from the curve in Fig. S3. 148 

To estimate the historical population size of humpback whales in the North Atlantic, 149 

we used an established food web for the North Atlantic (Table S2; [51]), the average 150 

primary production based on MODIS Aqua data for this region over 2000-2015 (0.65 kgC 151 

m-2 yr-1), and the area of North Atlantic shelf seas (9.58e6 km2; ~2.6% of global ocean). 152 

We computed the biomass density of baleen whales (resolution of the food web) and 153 

multiplied this value by the total area of the shelf seas of the North Atlantic to get a total 154 

biomass. We initially allocated the total biomass equally between the 7 baleen whale 155 

species (14.3% each) historically present in the North Atlantic (blue, brydes, fin, 156 

humpback, minke, right, sei). We then weighted the allocation for humpback whales from 157 

5% to 25% of the total biomass to generate a range of population sizes.  158 



Supplementary Glossary 159 

Normalized Connectance,  A measure of the relative number of links in a food web 160 

(connectance) normalized between 0 (linear) and 1 161 

(complete). 162 

Linear food web a food web with the minimum number of trophic links (S-1) 163 

to support S trophic groups where energy flows strictly from 164 

trophic level i to trophic level i+1. = 0. Size-structured 165 

food webs follow linear energy flow. 166 

Complex food web A food web where the number of links is higher the 167 

minimum number required for a linear food web ( >0).  168 

Trophic structure The relative biomass of the trophic compartments in an 169 

ecosystem. 170 

Trophic Efficiency ( ) The ratio of production at trophic level i+1 to the production 171 

at trophic level i. 172 
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 176 

Figure S1. Application of complex size spectra model to a producer-herbivore-predator 177 
food web accounting for interaction strength and natural mortality. Grey bars 178 
in lower right show the biomass density for each trophic compartment 179 
illustrating cascade-like trophic structure. 180 

  181 



 182 
 183 
 184 

 185 
 186 

 187 
Figure S2. Connectivity and normalized connectivity for food webs of varying degrees of 188 

complexity – linear (size-based), moderate complexity, and full. Connectivity 189 
(especially for linear food webs) is dependent on the number of trophic 190 
compartments whereas normalized connectivity is independent of the number 191 
of trophic compartments. 192 

  193 



 194 
 195 

 196 

Figure S3. (A) Biomass density and (B) slope of biomass spectrum, k, as an estimate of 197 
community mean trophic structure, versus trophic transfer efficiency. Primary 198 
production is set to 0.15 kgC m-2 yr-1. Error bars show 95% confidence 199 
intervals. 200 

 201 
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Table S1. Example of link, diet, energy allocation, and energy flow matrices for model 203 
input. a) Link matrix identifying predator-prey interactions, b) Diet matrix reflecting the 204 
proportion of each prey group (rows) in each predator’s (columns) diet, c ) Energy 205 
allocation matrix reflects the proportion of energy from each prey group available to each 206 
predator, and d) Energy flow matrix from prey to predators for one unit production by 207 
primary producers and accounting for trophic transfer efficiency of 0.1 for all interactions. 208 
 209 

a. Link matrix 210 
Prey/Predator Phytoplankton Zooplankton Sm 

Fish 
Med 
Fish 

Lg Fish Apex 

Phytoplankton  1 1    
Zooplankton   1 1 1  
Sm Fish    1 1 1 
Med Fish     1 1 
Lg Fish      1 
Apex       

 211 
b. Diet matrix 212 

Prey/Predator Phytoplankton Zooplankton Sm Fish Med Fish Lg Fish Apex 
Phytoplankton  1 .69    
Zooplankton   .31 .56 .10  
Sm Fish    .44 .25 .34 
Med Fish     .65 .22 
Lg Fish      .44 
Apex       

 213 
c. Energy allocation matrix 214 

Predator/Prey Phytoplankton Zooplankton Sm Fish Med Fish Lg Fish Apex 
Phytoplankton  .53 .47    
Zooplankton   .14 .73 .13  
Sm Fish    .43 .24 .33 
Med Fish     .75 .25 
Lg Fish      1 
Apex       

 215 
d. Energy flow matrix for unit production of primary producers 216 

Prey/Predator Phytoplankton Zooplankton Sm Fish Med Fish Lg Fish Apex 
Phytoplankton  .059 .041    
Zooplankton   .0019 .0034 .0006  
Sm Fish    .0018 .001 .0014 
Med Fish     3.9e-4 1.3e-4 
Lg Fish      7.4e-4 
Apex       

  217 
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